Background: The nuclear translocation of epidermal growth factor receptor (EGFR) has been considered to play a role in carcinogenesis. However, the relevance of differentially located EGFR proteins in lung cancer remains unclear. Methods: We examined 161 patients with primary lung adenocarcinoma to detect EGFR expression in lung cancer cells using immunohistochemistry and determined the correlations of EGFR expression with clinical characteristics, EGFR mutations, and survival time. Moreover, we graded complete membranous staining with strong intensity as high membranous EGFR (mEGFR) expression, and nuclear EGFR staining with strong intensity as high nuclear (nEGFR) expression.
Background
Lung cancer is the leading cause of deaths worldwide, including in Taiwan. The 5-year overall survival (OS) rate of advanced-stage lung cancer is less than 20% [1] . Tyrosine kinase inhibitors (TKIs, erlotinib or gefitinib) have been prescribed in lung adenocarcinoma patients who have epidermal growth factor receptor (EGFR) mutations and have markedly improved the survival outcome, but patients still eventually develop TKI resistance [2, 3] . Thus, a more comprehensive understanding of lung carcinogenesis is necessary to develop more effective therapies.
Overexpression of EGFR is implicated in the pathogenesis of many human malignancies, including lung cancer [4] . EGFR overexpression has been reported to be strongly associated with cancer progression and to predict shorter survival in surgically resected non-small cell lung cancer (NSCLC) [5, 6] . Nevertheless, high EGFR expression may predict the response to gefitinib in lung adenocarcinoma with a high survival and provide survival benefits when gefitinib is used in combination with cetuximab in advanced NSCLC with wildtype EGFR status [7] [8] [9] . Therefore, a more detailed understanding of EGFR biology in lung carcinomas is required.
The localization of nuclear EGFR, which has been detected in various cancers in the last decade, functions as a transcription factor for cell proliferation, angiogenesis and resistance to standard therapy [10] . Nuclear EGFR expression has been reported to be related to disease progression and poor survival time in breast, ovary and oropharynx cancers as well as in early stage NSCLC [11] [12] [13] [14] . However, few studies investigate the relationship of between EGFR proteins and EGFR mutations [15, 16] .
Since the clinical correlation of differentially located EGFR proteins in lung cancer has not been completely evaluated; therefore, we intended to investigate the relevance of differentially located EGFR expression in lung adenocarcinoma. This study retrospectively graded differentially located EGFR expressions in 161 lung adenocarcinoma specimens by using immunohistochemistry (IHC) and determined the association with demographic characteristics, stages, EGFR mutation status, and survival time.
Methods

Patients and tumor specimens
Formalin-fixed paraffin-embedded tumors from 161 patients with lung adenocarcinoma diagnosed based on 2015 WHO classifications [17] , who had undergone computed tomography-guided needle biopsies or wedge resections were collected from Taipei Medical University-Wan Fang Hospital between 2008 and 2014. The clinical parameters and follow-up data were obtained by reviewing medical records. The patients were followed until December 2016; the median follow-up period was 13.1 months (0.07-132.03). All survivors were followed for at least 12 months. This study was approved by the Joint Institutional Review Board of Taipei Medical University.
Immunohistochemistry
Four-micrometer sections of paraffin-embedded blocks were deparaffinized in xylene substitute, rehydrated with alcohol, and subjected to antigen retrieval. To detect EGFR proteins in the different cellular compartments of cancer cells, we used two types of primary EGFR antibodies to recognize EGFR proteins by the specific terminus. The mouse anti-EGFr antibody (clone 31G7, Invitrogen, Breda, the Netherlands) is raised against the NH2 terminus and recognizes membranous EGFR (mEGFR) and cytoplasmic EGFR [18] ; the NCL-EGFR-384 antibody (clone EGFR.25, Novocastra, Newcastle, upon Tyne, UK) is raised against the COOH terminus and recognizes both mEGFR and nuclear EGFR (nEGFR) [11, 19] . Appropriate antigen retrieval protocols were used according to the specific primary antibodies. For mEGFR protein detection, we used the enzyme digestion method with pepsin (Digest-All™ 1, Thermo Fisher Scientific) for 10 min at 37°C and for nEGFR protein detection, we used the double-antigen retrieval method, heat-induced epitope retrieval (boiling citrate buffer for 5 min) plus enzyme digestion with 0.025% trypsin (T4799, Sigma Aldrich) for 8 min at room temperature (RT). Slides were incubated at RT with the mouse anti-EGFr antibody overnight and at 4°C with the NCL-EGFR-384 antibody overnight. The labeled streptavidin biotin method with horse radish peroxidase was used to achieve signal amplifications. Immunoreactions were visualized using 3.3′-diamino-benzidine-tetrahydrochloryte, then counterstained with hematoxylin.
IHC interpretation
mEGFR and nEGFR expression was interpreted as high and low expression from IHC images. We graded complete membranous staining with strong intensity in more than 10% of cancer cells as high mEGFR expression and others (incomplete membranous, weak or less than 10% of cancer cells staining) as low mEGFR expression. Nuclear staining with strong intensity in more than 10% of cancer cells was graded as high nEGFR expression and others were as low nEGFR expression. Lung squamous cell carcinoma tissue, known to have mEGFR overexpression, served as the positive control for mEGFR staining and hepatocellular carcinoma tissue served as the positive control for nEGFR staining. The negative controls of mEGFR and nEGFR comprised slides with the mouse IGG1 isotype antibody. The immunostain grading was done by two designated pathologists (C-L. F. and S-E. L.) with total agreement blindly. Figure 1 shows representative images for mEGFR and nEGFR expression.
Statistical analyses
The Pearson chi-squared test was performed to analyze the associations between differentially located EGFR proteins and clinical characteristics. The Kaplan-Meier estimate by using the log-rank test was employed to evaluate the survival distributions for differentially located EGFR proteins. OS was defined as the time between the date of diagnosis and that of death from any causes or the date of censorship (date of final follow-up). Progression-free survival (PFS) was defined as the time between the date of treatment initiation to that of tumor progression, death from any causes, or censorship. To evaluate the mortality risk, the hazard ratio (HR) and corresponding confidence interval (CI) were estimated using Cox proportional hazards models to identify potential prognostic factors. All statistical analyses were conducted using SAS version 9.4 and as p < 0.05 was considered statistically significant.
Results
Distribution of differentially located EGFR proteins in cancer tissues
Among the 161 lung adenocarcinoma specimens, high mEGFR and nEGFR expression was observed in 69 (42.86%) and 63 (39.13%) specimens, respectively. The distribution of differentially located EGFR proteins in cancer tissues had shown 36 (22.36%) with high mEGFR and nEGFR staining, 33 (20.50%) with high mEGFR and low nEGFR staining, 27 (16.77%) with low mEGFR and high nEGFR staining, and 65 (40.37%) with low mEGFR and nEGFR staining. mEGFR expression significantly correlated with nEGFR expression (p = 0.0033, Additional file 1: Table S1 ). In addition, we found that morphologic characteristics were different in cancer tissues with high mEGFR expression, high nEGFR expression and EGFR mutations. The case numbers in certain subtypes of pathology were too small to draw definite conclusion. The detailed data was shown in Additional file 1: Table S2 . Tables 2 and 3 . However, EGFR expressions (mEGFR and nEGFR) were not affected by EGFR mutations (p = 0.205 and p = 0.734, Table 1 ).
Survival benefits of the combination of differentially located EGFR proteins
Since nEGFR proteins originate from the nuclear translocation of mEGFR proteins, we combined both immunostain types and divided them into four subgroups (mEGFR
, and mEGFR + nEGFR + ), to investigate Fig. 2a and b) . Next, we considered high mEGFR and nEGFR expression together as total EGFR (tEGFR) expression, defined as either high mEGFR or nEGFR expression, to investigate the treatment response in patients receiving different anti-cancer therapies. tEGFR expression was significantly associated with a reduced mortality risk in patients with a history of smoking and without brain metastasis ( Table 4 .
Synergistic effect of tEGFR protein and EGFR mutations on overall survival
Based on lung adenocarcinoma patients with EGFR mutations responsible to EGFR TKIs, we compared the combined effects of tEGFR protein and EGFR mutations on clinical benefits. Univariate analysis had shown the survival difference (p = 0.001, Fig. 2c Table 5 .
Discussion
This study investigated differentially located EGFR expression in lung adenocarcinoma. Our data indicate that high mEGFR expression is a more favorable prognostic factor in older patients, those with a history of smoking, and those without brain metastasis. Moreover, high nEGFR expression predicts early relapse in patients with distant metastasis. Notably, the combination of mEGFR and nEGFR expression is associated with survival benefits and with a more favorable response to anti-cancer therapies in patients with a history of smoking and Fig. 2 Survival analyses. a patients without brain metastasis and b patients with a history of smoking, stratified by high mEGFR and nEGFR expression; c total patients stratified by tEGFR expression and EGFR mutations without brain metastasis. Therefore, we suggest that differentially located EGFR expression synergistically predict survival outcomes and treatment responses in lung adenocarcinoma patients.
In this study, a high number of patients with low nodal stage exhibited high mEGFR expression, possibly indicating the initial stage of lung carcinogenesis. These results are different from those obtained in previous studies, which have reported a higher prevalence of EGFR overexpression in tumors of advanced stage and with lymph node invasion in colon and pancreatic cancer as well as in early stage (IA to IIIA) NSCLC [5, 20, 21] . Nevertheless, we did not observe any clinical associations for nEGFR proteins, although nEGFR has been associated with higher-stage breast cancer and higher disease stage in early-stage NSCLC [14, 19] . Such differences might have been a result of most enrolled patients having advanced-stage lung adenocarcinoma.
In accordance with recent studies on breast, ovarian and head-and-neck cancers, which have reported the prognostic value of nEGFR proteins for survival outcomes [12, 13, 19] , the role of nEGFR expression in predicting recurrence risk in the metastasis subgroup was addressed in this study. However, clinicians may provide multi-agent therapies to patients with lung cancer relapse; therefore, the survival outcomes in patients with metastasis exhibited no differences. Altogether, we suggest that adjusting clinical management according to nEGFR expression at initial diagnosis might reduce early recurrence risk in patients with advanced lung adenocarcinoma.
In contrast to previous studies that EGFR overexpression has been associated with poor survival prognosis [5, 6, 22] , this study has determined the survival benefits of differentially located EGFR proteins in those who had a history of smoking and no brain metastasis by observing more favorable treatment responses in patients with tEGFR expression. Although we could not exclude the effects of EGFR mutations on anti-EGFR therapies, we had found that patients with tEGFR protein was responsible to platinum-based chemotherapy regardless of EGFR mutations by observing the tEGFR + mutant − subgroup with significantly less mortality risk than the tEGFR − mutant − subgroup. Our findings are in accordance with a recent Chinese study that IHC positive mEGFR expression is associated with responses to EGFR TKIs in NSCLC patients with wildtype EGFR status [23] . Targeting EGFR protein has been reported to be an important treatment option for NSCLC [24] ; therefore, EGFR proteins might be an indicator for treatment responses in patients with lung adenocarcinoma. However, the true mechanism warrants further investigation.
Conclusions
This present study indicated that differentially located EGFR proteins might serve as a molecular marker of survival outcomes in patients with lung adenocarcinoma.
Since EGFR proteins were responsible to platinum-based chemotherapy, treatment selection according to EGFR expression might be essential in the treatment of lung adenocarcinoma patients. Prospective studies are required to validate our theory. 
